Bacillus cereus is a foodborne pathogen that often persists on food processing surfaces due the formation of spores and biofilms. Spores of 12 selected B. cereus strains from genotypes that recurred in a pasteurized milk processing line were investigated in this study, for their surface and biofilm characteristics. The main objective was to have an insight into their persistence strategies. Spore surface hydrophobicity and acid-base properties, were assessed using the microbial adhesion to solvents (MATS) method. To determine how hydrophobicity was affected by cleaning procedures, this property was measured when spores were submitted to alkali or acidic stresses mimicking those of cleaning-in-place (CIP) procedures. Biofilms formation on stainless steel coupons by pH-treated spores was investigated in three culture media and imaged by using environmental scanning electron microscopy (ESEM). Results showed that spores were either hydrophilic or moderately hydrophobic. Alkali-stress reduced spore surface hydrophobicity, whereas acidic shock increased it. More limited hydrophobicity changes following alkaline stress suggest alkali adaptation of spores. In addition, spores submitted to pH-stresses produced specific biofilm features on stainless steel as shown by ESEM imaging. Alkali tolerance and the biofilm lifestyle are strategies that permit B. cereus recurrent genotypes to persist in the milk processing line. Overall, this study gives an insight into hydrophobicity and specific biofilm features of B. cereus spores submitted to chemical cleaning.
INTRODUCTION
Tolerance of bacteria to low and high-pH stresses is of major concern to the food industry. As shown by several studies (Lindsay et al., 2002; Cotter and Hill, 2003; Giotis et al., 2009; Mols and Abee, 2011) , the pH stresses encountered in the food processing environments may induce acidic and/or alkaline resistance of contaminating bacteria and thus contribute to their survival and persistence in the factories. Unfortunately, this adaptive E-mail: malekfad@yahoo.fr.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License behavior is largely reported for important foodborne pathogenic microorganisms such as Listeria monocytogenes and Bacillus cereus. As an illustration, in the dairy industry, certain B. cereus genotypes were shown to recur in milk processing lines for several years (Svensson et al., 2004; Shaheen et al., 2010; Malek et al., 2013) . In addition, B. cereus forms biofilms that are responsible of spore dissemination into food environments (Wijmann et al., 2007) and resist to removal (Kumari and Sarkar, 2014) .
The high adhesion potential of B. cereus spores is well established and related to spore surface hydrophobicity which relies on morphological structures notably exosporium and appendages (Husmark and Ronner, 1992; Faille et al., 2002; Ankolekar and Labbé, 2010) . Spores of B. cereus have mainly been investigated for survival, adhesion and biofilm formation after CIP-like stresses (Faille et al., 2010; Salutiano et al., 2010; Shaheen et al., 2010) . However, it remains unknown how the conditions encountered by spores during cleaning procedures affected spore surface hydrophobicity. CIP systems are alkaline (NaOH) and/or acidic (HNO 3 ) washes often performed at high temperature (70 -80°C) (Bremer et al., 2006) . Similarly, little is known about the structure of the biofilms developed by B. cereus on dairy processing equipment after CIP procedures. That is why this study dealt with the analysis of spore surface hydrophobicity and biofilm features following pH-stresses by using B. cereus dairy recurrent strains, in order to understand their persistence strategies. For this purpose, spore hydrophobicity and acid-base properties of a set of 12 B. cereus dairy isolates and a comparative reference strain, B. cereus ATCC 11778, were, first assessed. Hydrophobicity was further measured when spores were submitted to alkali and acid stresses that mimicked those of CIP systems. Finally, pH-treated spores were used to form biofilms on stainless steel coupons, under static conditions and observed in ESEM.
MATERIALS AND METHODS

Bacterial strains
B. cereus strains were previously isolated from a pasteurized milk processing line (Malek et al., 2013) . These strains were fingerprinted by M13 PCR, and clustered into three distinct M13-PCR groups: one major group (genotype A), which included 17 out of 20 strains and two minor groups (genotypes B and C). Genotypes A and B which recurred in this processing line for more than four years (Table 1) , were affiliated to the mesophilic B. cereus group III while the last genotype was affiliated with the mesophilic B. cereus group IV, according to the phylogenetic classification of Guinebretière et al. (2008) .
Spore surface properties
Different solvents were used to evaluate the hydrophobic/hydrophilic Malek 745 spore surface properties of B. cereus and their Lewis acid-base characteristics. Both apolar solvents hexadecane and hexane were used to estimate the hydrophobicity properties of spore surfaces while the two monopolar solvents, chloroform and diethyl ether, were selected for the estimation of the Lewis acid/base (that is, electron donor/acceptor) character, according to the microbial adhesion to solvents (MATS) partitioning assay (Bellon-Fontaine et al., 1996) . Hydrophobicity is expressed as the percentage (P) of adhesion to hexadecane. Spores are very hydrophilic (P < 20%), hydrophilic (20 > P < 40%), moderately hydrophobic (40 > P < 60%) and highly hydrophobic (P > 60%). The acid-base interactions can be assessed based on the comparison between the microbial cell affinity to chloroform, an acidic solvent (electron acceptor) and the apolar solvent hexadecane as well as between spore affinity to diethyl ether, a basic solvent (electron donor) and the apolar solvent, hexane (Bellon-Fontaine et al., 1996) . Results are expressed as percentages of adhesion to each solvent. Spores had an electron donor character when their affinity to chloroform is higher than with hexadecane and an electron acceptor character when their affinity to diethyl ether is higher than to hexane. Spore suspensions were prepared as previously described (Simmonds et al., 2003) , and prior to use, they were washed one time and suspended in saline (0,15 M NaCl) at pH 7. Hydrophobic and acidbase properties of spore surfaces were measured using the MATS method (Bellon-Fontaine et al., 1996) with modifications based on observations from other reports (Tauveron et al., 2006) . In short, saline spore suspensions were adjusted to an absorbance of 0.6 to 1 at 595 nm. Spore suspension (2 mL) were added to 400 µL of the polar or apolar solvent, vortexed for 1 min and settled for 15 min. The optical density of water phase was measured using a spectrophotometer at 595 nm. As described by Bellon-Fontaine et al. (1996) , the percentage of spores bound to a given solvent was expressed as (1 ─ A/Ao) x 100, where A0 is the absorbance measured at 595 nm of the bacterial suspension before mixing and A is the absorbance after mixing. The mean and standard error were calculated from five measurements. Chemical products (Hexadecane, chloroform, hexane and diethyl ether) were obtained from Aldrich chemical, Co., Inc. USA.
Hydrophobicity of pH-treated spores
Spore were investigated for their surface hydrophobicity following mixing with sodium hydroxide (pH 12.7) at 80°C and into nitric acid (pH 1.2) at 70°C, to mimic CIP conditions as applied at the investigated dairy plant. Spore suspensions were pH-treated using the protocol of Faille et al. (2010) , with minor modification. One volume of the stock suspensions was added to 1 volume of aqueous 2% w/v NaOH or 1% HNO3 w/v to absorbance values between 0.8-1. Tubes containing NaOH or HNO3 spore mixtures were respectively incubated at 80 and 70°C for 10 min. After each treatment, spores were rapidly cooled, harvested as previously described (Faille et al., 2010) and re-suspended in saline to absorbance values between 0.8-1. Hydrophobicity of the pH-treated spores was assessed as described above. Experiments were performed with repetitions. The obtained data were submitted to variance analysis and correlation tests using Matlab 7.0 France software.
Adhesion of pH-treated spores to stainless steel coupons
The pH-treated spores were used to adhere on stainless steel coupons (AISI 304 L, 10 x 10 mm), cleaned according to the protocol described by Peng et al. (2001) . For the adhesion assay (Malek et al., 2013) . coupons were fouled with B. cereus spores by immersion in the wells of a 6-well polystyrene plate (Nunc multidish) for 3 h in a saline spore suspension (10 7 -10 9 spores mL -1 ) and quickly immersed in sterile water to remove weakly attached spores.
Biofilm formation by pH-treated spores
To establish laboratory conditions that mimic the industrial setting being studied, especially soiling conditions, the formation of biofilms by B. cereus spores was investigated in three culture media: nondiluted milk, 100 fold diluted milk and nutrient broth, at various incubation times. Milk culture medium consisted of 10% (w/v) medium heat milk powder (Germany), diluted in distilled water. The coupons with adhered spores were placed into wells containing culture media and incubated under static conditions for 24, 48 or 168 h (7 days) at 30°C. The media were refreshed every 2 days with the same fresh sterile medium and prior to that, the coupons were water rinsed to remove loosely attached cells.
Microscopy
ESEM imaging does not require any sample preparation or specific method. After the incubation time, all the above biofilm carrying stainless steel coupons were washed thrice with distilled water, air dried and exanimated in a 100 TM Hitachi environmental scanning electron microscope (Hitachi, Japan), at pressure in microscope chamber of 4 Torr. To ovoid biofilm dehydration, the samples must be rapidly observed.
RESULTS
Hydrophobicity of untreated spores
Spore surface hydrophobicity measured by MATS method was expressed as percentage of adhesion to hexadecane (Table 1) . Results showed that hydrophobicity of spores varied among the analyzed B. cereus dairy isolates which displayed either a hydrophilic or hydrophobic character. Seven out of 12 strains were markedly (< 20%) or moderately hydrophilic (< 40%), adherence to hexadecane range between 12.5 and 28.4% respectively. Remaining strains shared moderately hydrophobic character, with hydrophobicity values spanning a narrow range from 42.1 to 51.6%. The unique highly hydrophobic strain (71.7%) was B. cereus ATCC 11778, included for a comparative purpose. It is interesting to note the variability in hydrophobic/hydrophilic characters among closely related strains of M13 PCR genotype A, and the dominance of hydrophilic spores among B. cereus dairy isolates.
Lewis acid-base properties of untreated spores
The affinity of spores to the polar and apolar solvents, according to the MATS method, is presented in Table 1 . The affinity of hydrophilic B. cereus spores of dairy origin to the polar solvents (chloroform/diethyl ether) were higher than to alkanes (hexadecane/decane), indicating their electron-donnor and electron-acceptor properties. However, their affinity for the different solvents did not exceed 40% and confirmed their hydrophilic nature. Whereas moderately hydrophobic spores sharing low affinity to both chloroform (< 40%) and diethyl ether (< 20%) did not express any acid-base characters. Conversely and regardless of the solvent used, the affinity of spores from the reference strain B. cereus ATCC 11778, was high (> 70%), indicating its hydrophobic nature.
The moderately hydrophilic spores produced by B. cereus strain A9 showed higher affinity for the electron acceptor solvent (chloroform) than hexadecane indicating an electron donor character. The electron acceptor property expressed by a higher affinity to diethyl ether (basic solvent) than to hexane was not observed for all spore surfaces.
Hydrophobicity of pH-treated spores
The variation in the hydrophobic/hydrophilic character of spores when mixed with 1% v/v sodium hydroxide (pH 12.7) at 80°C or 0.5% v/v nitric acid (pH 1.2) at 70°C is presented in Figure 1 . Results showed that high alkaline stress led to a decrease in spore surface hydrophobicity while high acid stress increased it. The analysis of variance indicated that the variability in the hydrophobicity values was explained by the initial hydrophobicity and not by the strain effect. Nevertheless, in contrast to acidinduced hydrophobicity, the alkali-induced changes were significantly correlated with the initial hydrophobicity of spores (Pearson coefficient r = 0.579 [P < 0.05]). Accordingly, lower spore hydrophobicity values, resulted in lower alkali-induced hydrophobicity values indicating that hydrophilic spores were the least affected by alkaline shock.
Structures of biofilms formed by pH-treated spores
A selection of representative ESEM pictures is shown in Figures 2 to 4 . ESEM images were captured at different incubation times. Biofilms incubated both in nutrient broth and non-diluted milk or diluted milk for 24 or 48 h, were little developed structures. The 48 h old biofilm shown in Figure 3a is a less elaborated monolayer structure which presents dehydration signs. In comparison, native spores of the same strain formed a substantial thick mature biofilm, at the detachment stage (Figure 3b ). It is also interesting to note that, after 24 h of cultivation, the biofilms formed in 1/100 diluted milk were still at the adhesion stage (Figure 2a ) or just starting to be covered with the EPS-matrix (Figure 2b ). In contrast, in the biofilms formed in crevices (Figure 2c and d) , cells are completely hidden in the extracellular matrix. It appears that in these harborages, the production of the biofilmmatrix was enhanced, enabling cells to form a compact matrix structure devoid of obvious pores or channels. Older biofilms (7 days) formed in non-diluted milk or nutrient broth, were also compact shapes characterized by smooth or wrinkled surface topography (Figure 4) . However, these biofilms are most likely devoid of living cells.
DISCUSSION
In this study, the authors attempted to phenotypically characterize spores from a collection of B. cereus strains that recurred in a pasteurized milk processing line, in order to understand their persistence strategies.
Interesting findings were the variability in spore surface hydrophobicity recorded among closely related B. cereus genotypes and the predominance of hydrophilic spores. Spores of B. cereus are generally recognized to be hydrophobic or highly hydrophobic (Simmonds et al., 2003; Tauveron et al., 2006, Ankelokar and Labbé, 2010) . Hydrophilic spores have already been reported among strains of B. cereus isolated in the dairy environment Salustiano et al., 2010) , and strains of thermophilic bacilli isolated from milk powder (Seale et al., 2008) . Accordingly, the dairy environment appeared to be a source of hydrophilic spores of both mesophilic and thermophilic bacilli. Based on the results of the MATS method, Lewis acidbase properties exhibited by B. cereus spores were consistent with data of the literature. Electron donor and electron acceptor characters were found for very hydrophilic strains belonging to other bacterial species (Faille et al., 2002; Hamadi et al., 2004; Djeribi et al., 2013) . Similarly, the lack of any electron donor electron acceptor properties was described in hydrophobic B. cereus spores (Faille et al., 2002) . Both characteristics were associated with high adhesion potential to inert surfaces. The authors also attempted to explain the variability recorded in spore surface hydrophobicity among closely related B. cereus strains (belonging to genotype A). Hydrophobicity of B. cereus has been already reported to be strain-associated and not related to the ecological niche (Tauveron et al., 2006) . Nevertheless, adaptation of dairy-associated B. cereus to alkaline pH was previously reported (Lindsay et al., 2002) . Hydrophilic strains of this bacterium were isolated in the dairy industry from CIP solutions (Salustiano et al., 2010) or the filling machine . Since CIP systems, are mainly alkaline and/or acidic washes often performed at high temperature (Bremer et al., 2006) , the existence of a relationship between the hydrophilic character of B. cereus spore surfaces and alkali adaptation is believed. To give more insight into this issue, hydrophobicity was assessed when spores were submitted to hot alkali stress or hot acidic stress mimicking those of CIP procedures. Based on the results of the percentage of adhesion to hexadecane, high-pH stress results in a decrease of hydrophobicity values while low-pH stress increases them. These results are consistent with data from previous works concerning B. cereus (Lindsay et al., 2000) or other bacteria (Giotis et al., 2009; Moorman et al. 2008) , after exposure to mild pH-stresses. However, to the best of the authors' knowledge, this property has not been investigated when cells were submitted to more severe pH-stresses, like those encountered during cleaning procedures. Faille et al. (2010) have already shown exosporium glycoproteins to be seriously damaged by spore treatments using severe alkaline stress (2% NaOH at 80°C for 20 min) and this should result in a decrease in spore hydrophobicity as shown in the current study. On another hand, hydrophilic spores displayed more limited hydrophobicity changes as compared to highly hydrophobic spores, so that the highest percentage of hydrophobicity change (40.5%) was recorded for the most hydrophobic strain, BC ATCC 11778. More limited hydrophobicity reduction following alkali treatment has been related to cell alkali adaptation of bacteria (Giotis et al., 2009) reference strain should be considered as non-alkali adapted strain. This result constitutes one possible explanation for the occurrence of markedly hydrophilic strains, among these B. cereus dairy isolates. At the dairies, cleaning procedures may select some spores with specific surface chemistry, and it is likely that hydrophilic spores are part of such category. In good agreement with this finding, the surface chemistry of Bacillus spores has been described to significantly influence the efficiency of cleaning procedures (Faille et al., 2013) . The biofilms formed by pH-treated spores, in all culture media were not well developed structures, in terms of tridimensional architecture, or net-like patterns. This should be ascribed to the loss of the viability of most of the pH-treated spores or the loss of their ability to adhere due to damaged structures, as previously demonstrated (Faille et al., 2010; Shaheen et al., 2010) . As an illustration, the 48 h old biofilm formed in nutrient broth was little elaborated structure which consists of a twodimensional net-like attachment pattern, previously described for biofilms formed in poorly nutritional conditions (Marsh et al., 2003) .
Likewise, in 100 fold diluted milk, the biofilm formation process is also seriously affected, since after 24 h incubation at 30°C, bacteria were still at early biofilm formation stages, namely the adhesion step. Based on the ESEM pictures, it is clear that only small numbers of spores survived the pH-stresses, and adhered to stainless steel. In good agreement, Faille et al. (2010) demonstrated that, a small percentage of adherent B. cereus spores were able to resist the conditions found during CIP procedures and the spores detached during the CIP procedure would re-adhere along the CIP rig. In the current study, pH-treated spores of B. cereus strain P53 were able to adhere on stainless steel surfaces but had lower propensity to develop a mature biofilm in 100 fold diluted milk, within 24 h. This may probably be due to the incapacity of adhered spores to rapidly germinate in diluted milk. Consistent with results of Shaheen et al. (2010) , spores of some B. cereus strains were not capable of germinating in 10 fold diluted milk. However, ESEM pictures showed that, when protected in harborages of impaired material, spores were able to develop young biofilms, once a minimum initial bacterial load is necessary for bacteria to persist in a harborage site (Carpentier and Cerf, 2011) .
Similarly, older biofilms (7 days) are associated with low numbers of living cells when they are first formed, but may be devoid of cells or contain only few spores, once the structures mature. Nevertheless, the observed old wrinkled structures were already described in B. subtilis biofilms and shown to be highly resistant to penetration of gas and liquid and thus to withstand biocide effects (Epstein et al., 2011) . This is of crucial concern to the efficiency of cleaning procedures against biofilms exhibiting such recalcitrant structures. These results are interesting cues with regard to the persistence of foodborne pathogens in industrial settings.
Conclusion
Spores and biofilms are considered the most important reservoir of B. cereus in milking pipelines and on surfaces of equipment, and have to be deeply characterized. This study showed how cleaning procedure may affect spore surface hydrophobicity in B. cereus. Hydrophilic spores which seem to be common among dairy-associated B. cereus strains should be selected in the dairy environment by CIP-like procedures. Hydrophilic spores selected by cleaning systems were best able to withstand chemical cleaning, and to form specific biofilm features on stainless steel. This should constitute possible strategies whereby B. cereus recurrent genotypes persist in the dairy processing line. Improved knowledge on spore surface characteristics and a better understanding of B. cereus biofilm formation, through comparison of worldwide gathered data, may help develop efficient strategies for their control.
